Introduction
In recent years there has been an incredible upsurge in the research of developing next generation lithium ion batteries with higher capacities and increased energy densities. (1-9) Recently lithium-ion batteries have penetrated the market of hybrid and electrical vehicles. (10) (11) (12) Over the last decade the technological advancements which have led to these products have been outstanding and currently battery technology is just about keeping up. In order to meet the power and energy demands of future devices, every aspect of lithium ion batteries must be developed and enhanced. There is currently a tremendous amount of research being made into possible cathode materials to replace the most commonly currently used materials. (13) (14) (15) (16) Vanadium oxide was first proposed as cathode material as far back as the 1970's (17) , however, the micron sized particles available at the time offered limited electrochemical performance. (18) Vanadium oxide nanotubes (VONTs) were first reported in 1998 by Spahr et al. (19) and since then has been a great deal of research into how to fully optimize them as a cathode material for lithium ion batteries. (20) (21) (22) (23) (24) Typically VONTs are prepared by hydrothermal treatment of a vanadium oxide precursor mixed with a primary amine. (25, 26) The amine molecules are crucial to the formation of the VONTs as they maintain the vanadium oxide layers which scroll to form the nanotube structure. (27, 28) While the amines are vital in the synthesis of the VONTs they are unfortunately detrimental in their electrochemical performance. (29) It has been proposed that the amine molecules occupy the majority of the possible lithium intercalation sites within the VONTs and hence are responsible for the poor cycling performance which has been reported for as-synthesized VONTs. (30, 31) In this work we investigate two alternative methods to remove the amine molecules from the as-synthesized VONTs, using the nanotube structure as a 'backbone' or 'starting structure' for other polymorphs, while retaining nanoscale crystalline structure. The first method consists of annealing as-synthesized VONTs to high temperatures (~600 o C) in an effort to evaporate the amines out of the vanadium oxide structure. Thermal treatment of VONTs results in a specific structural transformation to vanadium oxide polycrystalline nanorods (poly-NRs) during annealing. The second method is an ion exchange process. As-synthesized VONTs undergo an ion exchange treatment to partially substitute ionized amine head groups with Na + ions. We confirm the removal of amine molecules by monitoring the inorganic and organic phase changes and decomposition, respectively, using IR spectroscopy, electron microscopy and X-ray diffraction analyses. Through detailed electrochemical investigations without influence from polymeric binders nor conductive additives, we compare the electrochemical performance of as-synthesized VONTs, poly-NRs and Na-VONTs. This work demonstrates that the heavy functionalization of VONTs by amine molecules impedes the intercalation of lithium ions, and that their removal results in a significant improvement in electrochemical characteristics. The electrochemical performance of ion exchanged VONTs was greatly enhanced by the removal of amine molecules, while still maintaining the nanotube structure. However, the poly-NRs exhibit the most promising results for practical use as a cathode material.
Experimental
Vanadium oxide nanotubes were synthesized by hydrothermal treatment of a mixture of vanadium oxide xerogel and a primary amine, following usual procedures. (27, 32, 33) A nonylamine organic template was used in a molar ratio of xerogel to amine of 1:2, with 3 ml of ethanol added per gram of xerogel. This molar ratio of xerogel to amine was chosen as it was found to be the optimum ratio resulting in the highest yield of high quality VONTs. (34) The poly-NRs for electrochemical testing were prepared by thermally treating VONT powder in a quartz glass furnace which was heated from room temperature to 600 o C at 5 o C min -1 in a nitrogen atmosphere. Na-VONTs were prepared using previously reported methods. (35, 36) NaCl was added to as-synthesized VONTs in a molar ratio of (4:1). This was then stirred in a mixture of ethanol and distilled water which were mixed in a molar ratio of 4:1 with 0.2 ml/mg of VONTs.
TEM analysis including bright field and electron diffraction was conducted using a JEOL JEM-2100F TEM operating at 200 kV. SEM analysis was performed using a Hitachi S-4800 at an accelerating voltage of 10 kV. Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer TGA. Samples for TGA were placed in an alumina crucible and heated to 600 The electrochemical properties of VONTs, poly-NRs and Na-VONTs were investigated using a three electrode cell. The cells were assembled in inside a glovebox under an argon atmosphere. The electrolyte consisted of a 1 mol dm -3 solution of LiPF6 salt in a 1:1 (v/v) mixture of ethylene carbonate (EC) in dimethyl carbonate (DMC). The working electrodes were prepared by dropping a sonicated mixture of the active material powder and ethanol on to a stainless steel foil substrate which was subsequently dried in a vacuum oven at 100 o C for 2 hours. No additional conductive additives or binders were added to the various vanadium oxide working electrodes, allowing direct electrochemical examination of the various structures without complications from conductive additives and non-uniform mixtures. The counter and reference electrodes were pure lithium metal. Both working and counter electrodes had a geometric surface area of 1 cm 2 . Galvanostatic discharge/charge tests were performed using a CH Instruments model 605B potentiostat/galvanostat in a potential window of 4.0 V -1.2 V with a constant current of ± 30 µA. Energy density values were calculated based on the average potential from the upper and lower potential limits.
Results and Discussion
The thermal stability of VONTs was studied by thermogravimetric analysis under a nitrogen atmosphere. The resulting mass loss curve is shown in Figure 1 . Less than 1% mass is lost when VONTs are heated to 100 o C. Significant mass losses begin to occur when the VONTs are heated above ~120 o C as indicated by the knee in curve, associated with the removal of physisorbed and chemisorbed water present within the VONTs. There is one major loss of ~52% mass which occurs between 120 and 450 o C due to decomposition of amine molecules which were present within the layers of vanadium oxide VONTs are typically prepared by the hydrothermal treatment of a vanadium oxide precursor mixed with primary amines. During the synthesis procedure for VONTs organic amines are intercalated between the layers of vanadium oxide. In the initial aging stage the amines are hydrolyzed by water to form ammonium ions and hydroxide ions (37) . The resulting hydroxide ions break down the V=O bond present in the V2O5 molecule to form (V-OH) and (V-O -) bonds. The attachment of the amine is generally accepted to be an electrostatic bond between the ionized amino head group (NH3 + ) and the (V-O -) bond (32, 38) . During the ion exchange reaction the positively charged amine head group is exchanged with a Na + ion (35) . This exchange is likely to be a partial substitution (39, 40) as illustrated in Figure 2 . The bilayer of primary amines form a structure maintaining template hence, without a partial presence of amines, Na-VONTs would most likely not retain their tubular morphology.
Figure 2
Simplified schematic demonstrating the partial substitution of ionized nonylamine head groups with Na + ions (a) before and (b) after ion exchange TEM images of VONTs, poly-NRs and Na-VONTs are shown in Figure 3 (a) -(c), respectively. There are three main features present in the structure of as-synthesized VONTs, (25) as can be seen in Figure 3 (a). These are (i) the hollow core running through the nanotube, (ii) the layered walls on either side of the hollow core and (iii) the tube openings at both ends. When as-synthesized VONTs are annealed to high temperatures, the organic amines which are present within the layers of vanadium oxide are removed and a structural rearrangement occurs. The pristine nanotubes collapse to form poly-crystalline nanorods. (41) Poly-NRs are an agglomeration of nanocrystallites of vanadium oxide, as shown in Figure 3 (b) . After ion exchange the as-synthesized VONTs maintain their nanotubular structure, as seen in Figure 3 (c) . Na-VONTs also retain the characteristic nanotubular features. However, in comparison with assynthesized VONTs the interlayer spacings seen in the layered walls of the Na-VONTs are narrower. The interlayer spacing for as-synthesized VONTs was estimated to be ~2.74 nm from a range of HRTEM images. After Na-ion exchange, the interlayer spacing dimension decreased to ~1.09 nm. This is due to the substitution of nonylamine molecules with much smaller Na + ions. Previous density functional theory analysis of the amine bilayer molecular packing and the stability of the interlayer spacing in vanadium oxide nanotube confirm that bending conformations are possible for amine that can entropically fill adjoining free space on each juxtaposed face of the vanadium oxide layer. Ion-exchange removal of amines can cause pockets of free space that allows alkyl chain bending, which would contribute to a net narrowing of the interlayer spacing. Also, the inner diameter of the Na-VONTs is wider than the as-synthesized VONTs. This is due to a combination of effects which occur as a result of the ion exchange reaction. SEM images of VONTs, poly-NRs and Na-VONTs are shown in Figure 3 (a) -(c) , respectively. The as-synthesized VONTs have smooth outer walls and distinct tube openings as can be seen in Figure 3 (a) . Similarly the tube openings for Na-VONTs are quite visible. The tube walls have much rougher edges (Figure 3 (c) ). The nanotubes maintain their tubular structure after ion exchange reactions. FTIR measurements were carried out to verify to partial exchange of amine molecules with Na + ions and to determine the effects of thermal treatment on as-synthesized VONTs. The FTIR spectra for orthorhombic bulk V2O5, as-synthesized VONTs, poly-NRs and Na-VONTs are shown in Figure 4 . The characteristic vanadyl band (V=O) for crystalline V2O5 can be seen at 982 cm -1 as can be seen in Figure 4 . (42, 43) For as-synthesized VONTs, poly-NRs and NaVONTs there is a small shift of the vanadyl band to higher frequencies (~992 cm -1 ). This is due to electrostatic interactions between the intercalates and the host structure known to be characteristic of an increased V 4+ quantity. (40, 44) As can be seen in Figure 4 , a significant difference in the V=O, V-O and V-O-V vibrations of the various samples is observed after ion exchange.
The nonylamine molecules present within the vanadium oxide layers of the assynthesized VONTs are also responsible for peaks observed in the FTIR spectra. The peaks observed at 2850 and 2920 cm -1 are due to symmetric and asymmetric stretching vibrations for CH2 groups of the primary alkyl chain. (42, (45) (46) (47) The other peaks observed in this region are due to symmetric and asymmetric stretching vibrations for terminal CH3 groups, observed at 2870 and 2955 cm -1 respectively. The absorbance cross-section is greater for the alkyl chain containing 8 CH2 groups (nonylamine), and compared to the terminal CH3 group, has a higher IR absorbance intensity in a well-defined amine bilayer, and the spectra can be seen in Figure 4 . The wide band observed from 3050 -3250 cm -1 is due to N-H vibrations present from the NH2 head group of the amine chain. (48) These peaks were not observed for the bulk and poly-NR sample, as expected. Heating as-synthesized VONTs to 600 o C removes the amine molecules from the VONTs and results in a structural rearrangement as verified through TGA and TEM imaging. A limited absorbance from symmetric and asymmetric C-H stretching and bending modes and N-H vibrations were observed for Na-VONTs. This would suggest that there has been an effective removal of amine molecules after the ion exchange reactions. As the Na-VONTs retain their nanotube structure, it is likely that, after ion exchange a small quantity of amine molecules remain within the layers of vanadium oxide. A low intensity peak is observed in the FTIR spectrum for Na-VONTs ~2920 cm -1 , indicating that some amine molecules remain after ion exchange. This can be seen in the magnified region of the Na-VONTs spectrum in Figure 4 The XRD patterns of bulk V2O5, as synthesized VONTs, poly-NRs and Na-VONTs are shown in Figure 5 . The low angle region in Figure 5 (a) shows (00l) Bragg reflection peaks for each vanadium oxide sample. The d-spacing of {001} peak corresponds to the spacing between the layers of vanadium oxide within the crystal lattice. The measured interlayer distance for orthorhombic V2O5 was ~0.98 nm. After hydrothermal treatment, amines are intercalated between the vanadium oxide layers and VONTs are formed, the d-spacing (for the crystallographic c-axis) for as-synthesized VONTs increases to ~2.73 nm, due to widening caused by a bilayer of interdigitated amines on juxtaposed V2O5 faces. After ion exchange, the majority of the nonylamine molecules have been replaced with Na + ions. The length of a single nonylamine molecule is ~1.33 nm and the ionic radius of Na + is ~0.116 nm. Hence there is a decrease in the interlayer spacing for the ion exchange product. The resulting interlayer spacing for Na-VONTs is ~1.09 nm. The variation in interlayer spacing for each sample is demonstrated by the shift in the {001} peak for bulk V2O5 to a lower angle for as-synthesized VONTs; a shift to higher angles is found for Na-VONTs, as shown in Figure 5(a) .
The second region shown in Fig. 6 .10(b) comprises (hk0) reflections, characteristic of the crystal structure of V2O5 (27, 28, 32, 33, 49) . A characteristic of curved single crystals is a 'Fano-type' lineshape (27) ; in VONTs, this is indicative of the high structural order of a scrolled VONT. A series of 'Fano-type' peaks were observed in the diffraction pattern for as-synthesized VONTs, including (210), (310), (320) and (420) peaks. These peaks are broadened for poly-NRs due to a reduction in crystalline order within the scrolls making up the VONT. This has been verified through TEM imaging the VONTs as shown in Figure 3 , and is consistent with a removal of the structure-maintaining organic template as determined by FTIR measurements in Figure 4 . After ion exchange the Na-VONTs contain Na + ions between layers of vanadium oxide via intercalation from solution. This results in a modification of the crystal structure from an orthorhombic system to a monoclinic system, with cell parameters closely matching those of NaV6O15. (50) Figure 5 Comparison of XRD patterns obtained for bulk V2O5, as synthesized VONTs, polyNRs and Na-VONTs: (a) (00l) reflections (b) (hk0) reflections.
The discharge/charge curves for each vanadium oxide nanostructures after the second cycle are shown in Figure 6 . For as-synthesized VONTs ~0.04 mol of lithium was intercalated after the 2 nd discharge, however only ~0.01 mol of lithium was successfully removed, as shown in Figure 6 (a). This indicates that the insertion and removal of Li + ions is not highly reversible for as-synthesized VONTs. The single phase transition which can be seen in the discharge curves for as-synthesized VONTs is due to the formation of the α-phase (χ ≥ 0.01). Poly-NRs demonstrate a high level of reversibility, as can be seen in Figure 6 (b). After the 2 nd discharge ~1.3 mol of lithium was intercalated into the poly-NR sample, during the 2 nd charge ~1.2 mol of lithium was successfully removed. Interestingly out of the three vanadium oxide samples investigated, the highest content of reversibly intercalated lithium is possible with the poly-NRs. The cycling performance for Na-VONTs shown in Figure 6 (c) highlights the benefits of removing amine molecules to improving electrochemical performance. After ion exchange more lithium ions can be inserted and removed. After the 2 nd discharge ~0.7 mol of lithium was inserted and~0.35 mol was successfully removed after the 2 nd charge. The profile of the discharge/charge curves offer an insight into the lithium insertion mechanism which occurs for each sample. The discharge curves for as-synthesized VONTs and Na-VONTs have plateaus at ~1.4 and ~1.5 V respectively, indicating that the majority of the lithium insertion begins to occur at these potentials. The discharge/ charge curves for poly-NRs sample do not show any discrete phase transitions, instead they are smooth curves, as shown in Figure 6 (b). This is typically indicative of an amorphous material. The overall poly-NR structure responds electrochemically as an amorphous-like phase undergoing lithiation. However TEM imaging and XRD analysis verify that poly-NRs are indeed polycrystalline on the nanoscale (2-10 nm crystallites). Similar smooth cycling curves were reported for vanadium oxide xerogels which were heated to 300 o C (51). Energy densities for VONTs, poly-NRs and Na-VONTs are shown in Figure 6 (d) . It is immediately clear that poly-NRs achieved by far the highest energy density with a value of ~565 Wh/kg. Na-VONTs achieved an energy density of ~260 Wh/kg, whereas the as-synthesized VONTs achieved an energy density of ~15 Wh/kg. These calculated energy density values are further evidence of the superior electrochemical performance of poly-NRs over the other vanadium oxide nanostructures investigated. The specific capacity values obtained for each vanadium oxide nanostructure over the first 10 cycles are shown in Figure 7 . The capacity for as-synthesized VONTs immediately drops to < 1 mAh/g, indicating that the intercalation of lithium ions for this sample is not a reversible reaction. After the 2 nd discharge the capacity was 195 mAh/g for the poly-NRs. This marginally decreased to 182 mAh/g after the 10 th discharge, corresponding to a ~93 % retention in the initial capacity. The superior performance of the poly-NRs is due to the removal of amine molecules and the structural conversion from VONTs to poly-NRs comprised of nanocrystals of V2O5. For Na-VONTs, after the 2 nd discharge the capacity was ~103 mAh/g, this decreased to 68 mAh/g after the 10 th discharge, corresponding to a ~63% retention in the initial capacity. This is a substantial loss in capacity but also a significant improvement over the as-synthesized VONTs. The improved electrochemical performance of Na-VONTs over as-synthesized VONTs is due to the partial substitution of amine molecules with Na + ions.
Conclusions
It was proposed that amine molecules intercalated between the layers of vanadium oxide may occupy possible lithium intercalation sites. Strategies to remove amine molecule templates from as-synthesized VONTs included thermal treatment (thermolytic decomposition of amines) and Na-ion exchange reactions. Through thermogravimetric analysis (TGA) it was found that the organic amine template can be efficiently removed from the VONTs by heating to 600 o C. When as-synthesized VONTs are annealed to 600 o C in an inert atmosphere a structural transition from pristine nanotube to polycrystalline nanorod occurs.
As-synthesized VONTs were the subject of ion-exchange reactions with a solution of NaCl in ethanol and water, to remove amine molecules. During solution treatment, NH3
+ amine head groups were substituted with Na + ions. The exchange was a partial substitution as the resulting Na-VONTs maintained the initial tubular structure of the as-synthesized material. FTIR analysis confirmed the reduced amount of amine molecules present after ion exchange.
The electrochemical performance of each vanadium oxide nanostructure was compared through galvanostatic cycling. VONTs containing amines suffer from severe capacity fading and miniscule specific capacities. After ion exchange, the specific capacities for Na-VONTs increased dramatically compared to the as-synthesized material, due to the removal of amines. The greatest improvement in electrochemical performance compared to as-synthesized VONTs was achieved with poly-NRs. Poly-NRs no longer contain the undesirable amine molecules but also maintain a similar aspect ratio to the as-synthesized VONTs in a polycrystalline structure comprising V2O5 nanocrystals. Hence poly-NRs benefit from all of the advantages associated with nanostructured electrode materials. Poly-NRs also demonstrated significant capacity retention over 10 cycles, with an associated energy density of ~565 Wh/kg. The enhanced performance of poly-NRs over other vanadium oxide nanostructures which were tested is most likely due to the combination of the removal of amine molecules and the structural rearrangement from pristine nanotubes to polycrystalline nanorods.
